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a  b  s  t  r  a  c  t
Lactation  in  pinnipeds  represents  the  most  significant  cost  to mothers  during  the reproductive  cycle.
Dynamics  of  trace  elements  and  their  mobilization  associated  with  energy  reserves  during  such an  intense
physiological  process  remains  poorly  understood  in marine  mammals.  The  changes  in tissue  concentra-
tions  of  11  elements  (Ca,  Cd,  Cr,  Cu,  Fe, Hg,  Ni, Pb,  Se,  V, and Zn)  were  investigated  in  a longitudinal  study
during the  lactation  period  and  during  the  post-weaning  fast  period.  Blood,  milk, blubber,  and  hair  sam-
ples were  collected  sequentially  from 21  mother–pup  pairs  of  grey  seals  (Halichoerus  grypus)  from  the
Isle  of  May in  Scotland.  Maternal  transfer  through  the  milk  was  observed  for  all trace  elements,  except for
Cd.  As  an  indicator  of  the  placental  transfer,  levels  in pup  lanugo  (natal  coat)  revealed  also  the  existence
of  maternal  transfer  and  accumulation  of all  assayed  trace  elements  during  the  foetal  development.  The
placental  and  mammary  barriers  against  non-essential  metal  transfer  to  offspring  appear  to  be absent
or  weak  in  grey  seals.  Examining  the  contamination  levels  showed  that  this  grey seal population  seems
more  highly  exposed  to  Pb  than  other  phocid  populations  (2.2  mg/kg  dw  of grey  seal hair).  In  contrast,
blood  and  hair  levels  reflected  a lower  Hg  exposure  in grey  seals  from  the  Isle of May  than  in  harbour
seals  from  the  southeastern  North  Sea.  This  study  also  showed  that  trace  element  concentrations  in blood
and  blubber  could  change  rapidly  over  the  lactation  period.  Such  physiological  processes  must  be con-
sidered  carefully  during  biomonitoring  of trace  elements,  and  potential  impacts  that rapid  fluctuations
in  concentrations  can exert  on  seal  health  should  be  further  investigated.
Crown Copyright ©  2012 Published by Elsevier B.V. All rights reserved.
1. Introduction
True seals, or phocids, are marine mammals that can accumu-
late diverse contaminants, such as organochlorines (Debier et al.,
2003b, 2006; Vanden Berghe et al., 2010) and trace elements (Das
et al., 2003, 2008), at higher levels than those measured in their sur-
rounding environment. Their position as apex predators in the food
chain, their occurrence adjacent to heavily populated Western soci-
eties, a long life span, and the chemical characteristics of particular
groups contribute to this phenomenon. A small increase in environ-
mental trace element concentrations can lead to significant impacts
on marine organisms (Bustamante et al., 2003). Marine mammals
are thus considered as sentinel species in the marine environment
(Bossart, 2006).
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Phocids leave the water and come ashore on land or ice for
breeding, suckling their young, moulting, and resting. These periods
ashore provide a considerable opportunity for sample collection in
comparison with other free-ranging marine mammals. In the east-
ern Atlantic, female grey seals come ashore to pup in the autumn
(Fedak and Anderson, 1982). Mothers each give birth to a single
white-coated pup, which they suckle for approximately 18 days
(Fedak and Anderson, 1982). Lactation represents the most signif-
icant cost to mothers during the reproductive cycle of pinnipeds
(Yunker et al., 2005). Female grey seals in the UK fast through-
out the nursing period and rely entirely on their endogenous fat
and protein reserves to maintain their metabolic demands and to
produce milk. They secrete a fat-rich milk in which lipid content
ranges from 30% to 60% (Pomeroy et al., 1996). Lactating females
lose an average of 39% of their postpartum mass during the lacta-
tion period, typically efficiency of mass transfer from mothers to
pups in grey seals is 45% (Pomeroy et al., 1999). Pups moult their
white natal coat (also called “lanugo”) around the time of wean-
ing and then remain on the breeding colony for 1–4 weeks before
going to sea (Reilly, 1991). During this post-weaning period, pups
also fast and rely on reserves accumulated during lactation.
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The relatively brief but physiologically active lactation period,
followed by a period of post-weaning fast for pups, offers a valu-
able opportunity to investigate changes in levels of contaminants
in adult females and their offspring. Indeed, the mobilization of
contaminants potentially associated to energy reserves (lipids and
proteins) during such an intense physiological process remains
an area of considerable interest for marine mammals. Most infor-
mation on the transfer of pollutants from mother to offspring
through the placenta and through the milk concentrates on anthro-
pogenic organic chemicals. Previous studies (Debier et al., 2003a,b;
Pomeroy et al., 1996; Vanden Berghe et al., 2010, 2012) showed
that suckling newborns could be exposed to high amounts of
organic pollutants (PCBs, PBDEs, etc.) during a critical developmen-
tal period of their life. In contrast, few studies (Habran et al., 2011;
Wagemann et al., 1988) have investigated levels of trace elements
in relation to reproduction and maternal transfer of body burdens.
In addition to their natural occurrence, trace elements in
marine environment arise from anthropogenic releases associated
to increased urban and industrial activities in the coastal regions,
and to offshore waste disposal. These anthropogenic releases occur
through river, atmosphere, and direct discharges, and contribute to
the contamination of seas by metals (OSPAR, 2010). Trace elements
can be essential or non-essential for living organisms. Essential
trace elements, such as Zn, Fe, Cu, Se, or Cr, are part of protein com-
plexes (metalloproteins), are required for enzymatic activities, and
can play structural roles in connective tissue and cell membranes
(Bryan et al., 2007). They are thus beneficial for living organisms at
low concentrations, but can become toxic at higher concentrations,
above a certain threshold. The essentiality of other trace elements,
like Ni and V, has also been well established for various biological
functions, but the information on their optimal and deficient con-
centrations is limited. Non-essential trace elements, such as Hg, Cd,
and Pb, are not required for physiological processes and are consid-
ered toxic even at very low levels (AMAP, 2005; Wolfe et al., 1998).
Although Ca is an essential macro-element, it was also included
in this study to assess the potential interactions with Pb and Cd.
Indeed, Pb binds tightly to both Ca and Zn sites in proteins and alters
their activity (Godwin, 2001). Exposure to Cd may  also cause bone
demineralization and skeletal damage due to the hyperexcretion
of Ca (AMAP, 2005).
Grey seals have life history characteristics that make them a
good ‘model’ in which to study the effects of lactation and fasting
on the levels of trace elements in pinnipeds. In this paper, we  inves-
tigated the changes in levels of 11 elements (Ca, Cd, Cr, Cu, Fe, Hg, Ni,
Pb, Se, V, and Zn) in a longitudinal study on 21 grey seal mother–pup
pairs during the lactation period and a part of the post-weaning
fast period. The main objectives were to (1) investigate the effect
of physiological processes on the distribution of trace elements in
different tissues (blood, blubber, and hair) of mothers and their off-
spring, and (2) characterize the mineral content in grey seal milk
and to assess changes in levels during lactation. To the best of our
knowledge, this paper represents the first assessment of the levels
of trace element contamination in UK grey seals from the North
Sea.
2. Materials and methods
2.1. Field techniques
This study was performed on the Isle of May, Scotland
(56◦11′N, 2◦33′W;  Fig. 1), during the 2008 breeding season
(October–December). On arrival at the colony, females were mon-
itored and birth dates of pups were recorded by daily observations
of the breeding areas. Twenty-one known mother–pup pairs
were captured in early lactation (at 2–4 days postpartum) and
Fig. 1. Location of the grey seal colony on the Isle of May (Scotland), in the North
Sea.
recaptured approximately 13 days later in late lactation (at 15–17
days postpartum). Samples of maternal blubber, blood, milk, as
well as pup blood were collected from pairs at each capture. Moth-
ers were immobilized with an intramuscular injection of Zoletil
100 (1 ml  per 100 kg of estimated body mass; Virbac, UK, Ltd.)
and immobilization was  maintained with intravenous injections
of Zoletil if necessary. Pups were restrained and captured man-
ually. Blood samples were obtained from the extradural vein of
mothers and pups. Whole blood samples were collected in 6 ml
VacutainerTM plastic tubes treated with K2EDTA anticoagulant
(Fisher Scientific International) and certified for trace element anal-
yses (throughout the text, ‘blood’ refers to whole blood). Milk
samples were collected from each female 5 min  after a 1 ml  intra-
venous injection of oxytocin (Leo Laboratories, Dublin, Ireland) to
stimulate release of the milk. Milk was expressed from the teat
using a clean cut-off syringe and was  transferred to two 5 ml plas-
tic tubes. A blubber biopsy was taken at both captures from the
lateral pelvic area after a subcutaneous injection of local anaes-
thetic (Lidocaine, 3 ml). A small part of the anaesthetized area was
cleaned with alcohol. A small incision was  then made and a blub-
ber biopsy, extending the full depth of the blubber layer, was taken
with a 6 mm biopsy punch (Acu-Punch®, Acuderm). Blubber biop-
sies were stored in plastic tubes. Mothers’ hair and pups’ lanugo
were collected only once during lactation. Hair and lanugo are inert
tissues in which trace elements are not considered bioavailable
(Wenzel et al., 1993). Concentrations in these tissues reflect con-
centrations in internal tissues from circulating levels of elements
at the moment of their growth, i.e., during the previous moult for
mother’s hair or the foetal development for pup’s lanugo. In moth-
ers, a patch of hair (approximately 15 cm × 15 cm;  ∼3 g) was shaved
from the dorsal midline region, in the lower part, using a “one-
use” stainless steel blade. Lanugo of pups was simply plucked from
the dorsal midline region when they began moulting, at the sec-
ond capture. Hair and lanugo were placed in a polyethylene bag.
Antibiotic was given to mother with a prophylactic intramuscular
Author's personal copy
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Table 1
Biometry (mean ± SD; range) of grey seal mothers and pups at different stages of lactation and development (T1, early lactation; T2, late lactation; T3, early post-weaning
fast;  T4, middle post-weaning fast).
n Mass (kg) Standard length (cm) Axial girth (cm)
Mothers T1 21 164 ± 27 (125–232) 168 ± 8 (148–180) 145 ± 12 (125–166)
T2 21  123 ± 22 (90–182) 165 ± 8 (150–182) 126 ± 10 (111–144)
Pups  T1 21 18 ± 3 (12–24)
T2 21 39 ± 8 (24–50)
T3 15 39 ± 6 (30–48)
T4 11 36 ± 5 (27–44)
Lactation duration (day): 19 ± 2 (16–23). Pup sex ratio (female:male): 48:52.
injection of Oxytetrin (oxytetracycline, 10–15 ml). Sixteen of the
21 pups were recaptured once or twice after weaning (around days
19 and 30 postpartum) to collect blood and blubber samples, fol-
lowing the same procedure as described above with the mothers. A
4 mm instead of a 6 mm biopsy punch was used to sample blubber
from weaned pups. At each capture, a measuring tape was  used to
record mother’s nose to tail length and axial girth. Mothers were
weighed using a scale (Salter Industrial Measurements Ltd., West
Bromwich, UK; capacity 500 ± 0.2 kg) suspended from a tripod, and
suckling and weaned pups were weighed ±0.5 kg on a spring bal-
ance (Salter Industrial Measurements Ltd., West Bromwich, UK) at
each sampling. The pup’s sex was determined. Biometric data on
the mother–pup pairs are summarized in Table 1.
Mothers and pups were individually identified at the first cap-
ture with a paint mark to aid recapture. After each procedure, the
mother and pup were released and monitored until the female
had regained mobility. All capture and handling procedures were
performed under UK Home Office project licence #60/3303 and
conformed to the Animals (Scientific Procedures) Act 1986. All sam-
ples were stored at −20 ◦C in the laboratory until analysis.
2.2. Sample preparation
Prior to analysis, blood samples were freeze-dried, then ground
with a mortar and pestle into powder. Water content was deter-
mined. After thawing, maternal hair and pup lanugo were washed
ultrasonically with reagent grade acetone (acetone for analysis,
EMSURE®, Merck) and were rinsed repeatedly with 18.2 M! cm
deionized water to remove exogenous contaminants, according
to the method recommended by the International Atomic Energy
Agency (Chatt and Katz, 1988). Hair and lanugo samples were then
freeze-dried for 24 h.
Blubber of seals is stratified in chemically distinct layers, each
having a different function: (1) the outer layer is primarily struc-
tural and thermoregulatory, (2) the inner layer is metabolically
active with a fatty acid composition that is strongly affected by lipid
mobilization/deposition, and (3) the middle layer is a storage site
(Strandberg et al., 2008). Mobilization of elements was therefore
investigated in the inner and outer blubber layers when it was  pos-
sible. Blubber biopsies of mothers were large enough to cut them
in two equal parts separating the inner and outer blubber layers.
Blubber biopsies from weaned pups were analysed whole.
2.3. Element analyses
Concentrations of elements (Cd, Cr, Cu, Fe, Ni, Pb, Se, V, Zn,
and Ca) were measured in blood, blubber, milk, hair and lanugo of
21 mother–pup pairs during the breeding season. Approximately
0.2 g of freeze-dried blood, 0.25 g of washed and freeze-dried hair
or lanugo, and 0.5 ml  of thawed milk were weighed to the near-
est 0.0001 g. Thawed blubber sub-samples (∼0.2 g, mothers) or
the whole biopsy (weaned pups) were weighed. All these sam-
ples were subjected to microwave-assisted digestion in TeflonTM
vessels with 4 ml  HNO3 (65%), 1 ml  H2O2 (30%) and 3 ml  of
18.2 M! cm deionized water. After cooling, samples were diluted
to 50 ml  with 18.2 M! cm deionized water in a volumetric flask.
Concentrations of Cd, Cr, Cu, Fe, Ni, Pb, Se, V, Zn and Ca were deter-
mined by inductively coupled plasma mass spectroscopy (ICP-MS,
PerkinElmer, Sciex, DCR 2). Multiple-elements (74Ge, 103Rh, 209Bi,
and 69Ga) internal standards (CertiPUR®, Merck) were added to
each sample and calibration standard solutions. Quality control and
quality assurance for ICP-MS included field blanks, method blanks,
certified reference materials (CRMs) – Seronorm L-3, DOLT-3, NIES-
13, and BCR-063. Certified reference material recovery (%) and the
instrumental quantification limits for each element are listed in
Table 2. Cadmium was not detected in blood, blubber, and milk.
Ni and Se were below the limit of quantification in all blood and
blubber samples, respectively. V, Cr, and Pb were below the limit
of quantification in some blood samples (29%, 13%, and 11% of ana-
lysed samples, respectively). Data below quantifiable limits were
not subjected to further statistical analyses. Reported concentra-
tions for all elements in blood, blubber and milk are expressed on
a wet  weight basis in mg/kg, whereas concentrations for hair and
lanugo are expressed on a dry weight basis in mg/kg.
2.4. Total Hg analysis
Approximately 30–50 mg  of freeze-dried blood and 1–4 mg  of
hair and lanugo were accurately weighed and loaded into quartz
boats. The masses were recorded to the nearest 0.01 mg.  After
thawing, milk samples were homogenized and aliquots of 30–40 !l
were weighed and loaded into quartz boats. Because Hg levels
in milk were low, 3–4 quartz boats were concentrated to obtain
the Hg value of one sample. Total Hg (THg) concentrations were
determined by atomic absorption spectroscopy (AAS, Direct Mer-
cury Analyzer DMA-80, Milestone). The method has been validated
for solid samples using US EPA Method 7473. Quality assurance
methods included evaluating by measuring blanks, duplicates, and
CRMs – Seronorm L-3 and NIES-13 with every 10 samples (Table 2).
Digested samples of blubber were used for trace element analysis,
including THg analysis, to assure sample homogeneity. However,
THg could not be determined in blubber samples because levels
were below the limit of quantification after the microwave-assisted
digestion and the successive dilution (THg < 0.150 mg/kg ww blub-
ber).
2.5. Statistical analyses
A Kolmogorov–Smirnov test was  used to determine whether
data departed from normality. The variables were not normally
distributed and non-parametric tests were used for statistical anal-
yses. To evaluate changes in element levels during breeding season
in tissues, Wilcoxon signed-rank tests were used to compare means
at different sampling times. Similarly, difference between moth-
ers and pups in blood and hair levels were tested using Wilcoxon
signed-rank tests. The Spearman’s rank correlation coefficient was
Author's personal copy
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Table 2
Certified reference material recoveries (%, n = 10) and instrumental quantification limits (IQL, ppb) for element analyses.
Element Method IQL Certified reference material recovery (%)
Seronorm L-3a DOLT-3b NIES-13c BCR-063d
Ca ICP-MS 0.534 99 n.c. 90 90
Cd  ICP-MS 0.002 98 99 90 n.c.
Cr ICP-MS 0.002 107 84 n.c. n.c.
Cu ICP-MS 0.009 97 104 90 106
Fe ICP-MS 0.042 98 99 87 81
Ni  ICP-MS 0.022 n.d. 100 n.c. n.c.
Pb  ICP-MS 0.005 98 109 94 n.d.
Se  ICP-MS 0.108 109 96 76 n.d.
V ICP-MS 0.001 93 n.c. 76 n.c.
Zn ICP-MS 0.032 91 103 84 75
Hg AAS 0.898 85 n.d. 95 n.c.
n.c., not certified value; n.d., not determined.
a Seronorm Level 3, Trace elements whole blood (Sero, Billingstad, Norway)
b DOLT-3, Dogfish liver (National Research Council of Canada, NRCC, Ontario, Canada)
c NIES-13, Human hair no. 13 (National Institute for Environmental Studies, NIES, Ibaraki, Japan)
d BCR-063, Skim milk powder (Institute for Reference Materials and Measurements, IRMM,  Geel, Belgium)
used to test correlations between two variables. Statistical anal-
ysis of the data was performed using Statistica software (Statsoft
Inc., Version 10) and p < 0.05 was considered as significant (with
 ˛ = 0.05). Results are presented as mean (median) ± standard devi-
ation (SD), range.
3. Results
Results of elements in blood, milk, blubber, and hair of grey seals
at different stages of lactation and development are summarized
in Table 3. Element concentrations were determined in blubber
sub-samples (inner and outer layers) in mothers, and in the whole
biopsies in weaned pups. To compare easily values between moth-
ers and weaned pups, mean concentrations in the whole biopsy in
mothers were also calculated from concentrations in blubber sub-
samples (Table 3). Element levels in grey seal mothers and pups in
early lactation are first described and compared (Sections 3.1 and
3.2). Changes in concentrations during lactation and post-weaning
fast are then examined (Section 3.3). The last section assesses the
relationships between elements, tissues, and biometric parameters
of grey seals (Section 3.4).
3.1. Levels of trace elements in grey seal females from early
lactation
The lactating female grey seals from the Isle of May showed
element concentrations in blood that decreased according to the
following pattern: Fe > Ca > Zn > Se > Cu > Hg > Pb > Cr > V (Table 3).
Mercury had the greatest levels of the non-essential metals mea-
sured in blood, with 0.083 mg/kg ww in early lactation. The
variation among individuals in blood concentrations ranged from
5% to 109% according to element, with the lowest variability for Ca
and Fe levels (5–12%) and the greatest for Pb and V levels (43–109%,
Table 4).
Element concentrations in maternal blubber followed the
sequence: Fe > Ca > Zn > Ni > Cu > Cr > Pb > V (Table 3). Iron, V, and Pb
levels showed a very important variability in blubber (up to 84%,
127%, and 144%, respectively; Table 4). Levels of Ni, Cr, Pb, and V
in blubber were greater than those in blood (Table 3). Results in
the blubber sub-samples of grey seal mothers showed no signifi-
cant difference in concentrations between inner and outer blubber
in early lactation (for all elements, p > 0.05, Wilcoxon signed-rank
tests).
In contrast with blood and blubber, all element concentra-
tions in the maternal hair were above the limit of quantification.
Element concentrations in maternal hair decreased according to the
following pattern: Ca > Zn > Fe > Hg > Cu > Se > V > Pb > Ni > Cd > Cr
(Table 3).
All elements, except Cd, were detected in the milk and followed
the sequence: Ca > Fe > Zn > Se > Cu > Ni > Pb > Hg > Cr > V. Levels of
Ca, Zn, Ni, Pb, Cr, and V were greater in milk than in maternal blood,
while Fe, Cu, Se, and Hg levels in milk were less than those in blood
(Table 3). Levels of Ni, Cr, Pb, and V in milk were less than those
in blubber (Table 3). The proportions of each element in blood,
blubber, hair, and milk of lactating female grey seals are shown
in Fig. A1.
3.2. Levels of trace elements in grey seal pups from early lactation
All elements, except Ni and Cd, were detected and quan-
tified in pup blood (Table 3). Element concentrations in pup
blood decreased according to the same pattern as mothers
(Fe > Ca > Zn > Se > Cu > Hg > Pb > Cr > V). Levels of Fe, Ca, Zn, and Cu
in pup blood rose from 90% to 116% of the maternal levels in early
lactation (at 2–4 days postpartum; Fig. 2). Levels of Pb, Cr, and V
in blood were very low (<0.012 mg/kg ww); nevertheless pup lev-
els in early lactation were similar to maternal levels for Pb or even
greater than maternal levels for V and Cr (177% and 144% of the
maternal value, respectively; Fig. 2). In contrast, blood Se level in
pups in early lactation was much less than that in mothers at the
same time (∼38% of the maternal value), and Hg level in pups was
half that of maternal level (Fig. 2).
All elements were detected in pup lanugo and followed the
sequence: Ca > Zn > Fe > Hg > Se > Cu > Pb > Ni > V > Cr > Cd (Table 3).
Only Zn level was greater in lanugo than in maternal hair (122 vs.
101 mg/kg dw;  Fig. 3). All other elements showed lower concentra-
tions in lanugo (for all p ≤ 0.001, Wilcoxon signed-rank tests; Fig. 3).
Nevertheless, Se, Cu, and Hg levels in lanugo were quite substantial
and showed 76%, 73%, and 62% of the maternal value, respectively
(Fig. 3).
The proportions of each element in pup blood and lanugo are
given in Fig. A1.
3.3. Changes of trace element concentrations in blood, milk, and
blubber throughout lactation and post-weaning fast
During lactation, concentrations varied significantly in mater-
nal blood for Fe, Zn, Se, and Hg: while Fe and Se levels decreased,
Zn and Hg levels increased between early and late lactation
(Table 5). In pup blood, most element concentrations increased
during lactation. Only Fe and Hg pup levels decreased between
early and late lactation, up to 50% for Hg (Table 5). At weaning,
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Table 4
Variation among individuals in element concentrations in blood, milk, blubber, and hair of grey seals. Coefficients of variation are expressed in percentage.
Blood Milk Blubber Hair
Mothers Pups Mothers Mothers Pups Mothers Pups
T1 T2 T1 T2 T3 T4 T1 T2 T1 T2 T3 T4 T2 T2
n  21 21 21 21 16 12 21 21 21 20 16 12 21 20
Ca 5 8 10 6 8 9 18 18 45 29 23 23 24 68
Fe  5 12 10 6 6 6 28 31 84 52 82 65 64 41
Zn 6 9 11 8 9 7 13 11 21 32 39 65 9 11
Cu 9  10 12 9 9 14 14 15 34 30 64 56 27 7
Se  28 30 23 49 31 34 47 22 28 18
Hg  56 53 42 54 46 37 29 46 69 51
V  61 58 47 51 55 52 84 77 127 120 60 38 27 127
Cr  53 47 21 28 36 43 64 94 39 34 50 44 23 22
Ni 57 67 16 30 22 19 29 20
Pb 88 109 47 66 48 43 122 64 144 143 127 18 67 79
Cd  27 52






































Fig. 2. Element concentrations in blood of grey seals. Comparison of levels (mean ± SD; mg/kg ww)  between mothers (dark grey bars) and suckling pups (light grey bars) in
early  lactation. Black line in bars represents the median. * indicates significant difference between maternal and pup values (p < 0.05, Wilcoxon signed-rank tests).
Ca and V levels of pup blood decreased, Pb levels remained sta-
ble, whereas the other element levels increased. Concentrations
did not vary or only slightly during the first half of post-weaning
fast (Table 5).
Milk levels of Ca, Fe, Zn, Cu, Se, and Hg varied between the begin-
ning and the end of lactation (Table 5). Level of Se fell to 48% of
the value in early lactation, while level of Hg in milk increased
from 0.012 to 0.021 mg/kg ww between early and late lactation
(Table 5). Changes in the milk water content during lactation (from
approximately 40% in early lactation to 30% in late lactation in
this study) may  affect element concentrations. However, when
values in mg/kg ww were converted in dry weight basis, simi-



































Fig. 3. Element concentrations in hair of grey seals. Comparison of levels (mean ± SD; mg/kg dw)  between maternal hair (dark grey bars) and pup lanugo (light grey bars).
Black  line in bars represents the median. * indicates significant difference between maternal and pup values (p ≤ 0.001, Wilcoxon signed-rank tests).
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Table 5
Comparisons of element concentrations throughout lactation and development: results of Wilcoxon signed-rank tests (p-value) and ratios ([Tx+1]/[Tx]×100) noted when
concentrations were significantly different (n.s., non significant).
Blood Milk Blubber
Mothers Suckling pups Pups Weaned pups Mothers Mothers Weaned pups
T2/T1  T2/T1 T3/T2 T4/T3 T2/T1 T2/T1 T4/T3
n 21 21 16 12 21 20 12
Ca n.s. p < 0.001, 119% p = 0.011, 96% n.s. p < 0.001, 144% p = 0.002, 177% n.s.b
Fe p = 0.033, 96% p < 0.001, 91% p = 0.001, 107% p = 0.004, 105% p = 0.002, 77% p = 0.001, 442% n.s.
Zn  p = 0.001, 110% p = 0.003, 109% p = 0.001, 110% n.s. p = 0.023, 93% p < 0.001, 186% n.s.
Cu  n.s. p < 0.001, 138% p = 0.001, 112% n.s. p < 0.001, 119% p = 0.001, 152% n.s. b
Se p < 0.001, 89% p = 0.001, 175% p < 0.001, 167% n.s. p < 0.001, 48%
Hg  p < 0.001, 128% p < 0.001, 52% p < 0.001, 120% p = 0.002, 91% p < 0.001, 174%
V n.s. p  = 0.010, 149% p = 0.001, 66% n.s. n.s. p = 0.011, 364% n.s.
Cr n.s. n.s. p  = 0.020, 132% n.s. n.s. p < 0.001, 222% n.s.
Ni  n.s.a p < 0.001, 148% n.s.
Pb n.s.  p < 0.001, 172%a n.s. p = 0.034, 143% n.s. p = 0.003, 212% n.s.
T1, early lactation; T2, late lactation; T3, early post-weaning fast; T4, middle post-weaning fast.
a n = 20.
b n = 11.
Maternal concentrations of all elements in whole blubber
increased between the beginning and the end of lactation. Depend-
ing on the element, levels in late lactation rose to 148–442% of
the value in early lactation (Table 5). Results in the blubber sub-
samples of grey seal mothers showed that concentrations increased
between early and late lactation both in inner and outer blub-
ber. However, magnitude of increase was more important in inner
blubber for Ca, Fe, Zn, and Cu. Consequently, concentrations of
Ca, Fe, Zn, and Cu in late lactation were greater in inner than
in outer blubber (Table 6), whereas concentrations of V, Cr, Ni,
and Pb in late lactation were similar in inner and outer blub-
ber (p > 0.05, Wilcoxon signed-rank tests). In contrast, there was
no change of concentration in blubber of weaned pups during
the early post-weaning fast period (Table 5). Levels of Cr and Ni
in blubber were much greater in weaned pups than in mothers
(Table 3).
3.4. Relationships between elements, tissues, and biometric
parameters
Correlations between trace elements in the different tissues are
given in Table 7. In blood, only Fe and Zn concentrations were posi-
tively correlated. Interestingly, Ni, Cr, Pb, and V showed a significant
relationship with each other, both in milk and blubber (Table 7
and Fig. 4 for milk). Some correlations were observed between
the different tissues. Only Hg and Se showed a significant posi-
tive relationship between hair and blood levels in mothers (r = 0.66,
p = 0.001 and r = 0.51, p = 0.017, respectively; Spearman’s rank cor-
relation coefficient). Blood levels of elements were not significantly
correlated to levels in maternal blubber, except for V in early lac-
tation (r = 0.59, p = 0.004; Spearman’s rank correlation coefficient).
Concentrations of Se in maternal blood were positively correlated
with concentrations of Se in milk (r = 0.62 and 0.61 in early and
late lactation, respectively, for both p = 0.003; Spearman’s rank
correlation coefficient). Concentrations of other elements were
not significantly correlated between maternal blood and milk, or
only slightly. Levels of Zn, Se, Hg, Pb, and V in pup blood were
correlated to maternal blood levels in early lactation (r = 0.53,
r = 0.71, r = 0.78, r = 0.63, r = 0.59, respectively, for all correlations
p ≤ 0.01; Spearman’s rank correlation coefficient). Cu, Se, Pb, and V
showed a slightly positive relationship between lanugo and blood
levels in pups (for all r = 0.5 and p < 0.05; Spearman’s rank correla-
tion coefficient), and Hg showed a highly significant relationship
between levels in these tissues (r = 0.89 and p < 0.001; Spearman’s
rank correlation coefficient).
The biometric parameters (i.e., mass, length, and axial girth) of
grey seal mothers and pups were not significantly correlated with
element concentrations in the different tissues (p > 0.05; Spear-
man’s rank correlation coefficient), or only slightly (r > −0.50 for
Fe in blubber in early lactation or for Hg in milk in late lactation,
p < 0.05 for all; Spearman’s rank correlation coefficient). Element
concentrations in blood, blubber, and lanugo in pups did not differ
between males and females (for all p > 0.05, Mann–Whitney tests).
Relationships between element concentrations and lipid content in
the different tissues (blood, blubber, and milk; analyses in Vanden
Berghe et al., 2012) were also assessed in mothers and pups. Only
concentrations of Ca and Se were correlated to the lipid content in
milk, in early lactation (r = 0.67, p = 0.001 and r = −0.58, p = 0.007,
respectively; Spearman’s rank correlation coefficient).
4. Discussion
4.1. Trace element levels in UK grey seals
4.1.1. Blood levels
Blood levels of Ca, Fe, Zn, and Cu found in lactating grey seals
from the Isle of May  were comparable to those reported in stud-
ies of other phocid species (Baraj et al., 2001; Griesel et al., 2008;
Kakuschke et al., 2006). As essential elements involved in many
functions, blood concentrations of Ca, Fe, Zn, and Cu were home-
ostatically controlled and their concentrations varied little among
all animals of this study. In contrast, blood Se level in this study
was the greatest values reported in blood of free-ranging phocids
(Griesel et al., 2008; Habran et al., 2011). As with any essential trace
Table 6
Comparisons of Ca, Fe, Zn, and Cu concentrations between inner and outer maternal blubber in late lactation (Wilcoxon signed-rank tests).
n Innera Outera p-value
Ca 20 29 (29) ±11 (12–50) 21 (20) ±7 (11–33) p = 0.002
Fe 20  87 (84) ±54 (10–201) 44 (43) ±22 (8–84) p = 0.001
Zn 20 2.8 (2.8) ±1.2 (1.1–5.1) 1.7 (1.6) ±0.5 (1.2–3.3) p < 0.001
Cu  20 0.285 (0.286) ±0.120 (0.117–0.518) 0.180 (0.186) ±0.042 (0.116–0.266) p < 0.001
a Mean (median) ± SD (range); in mg/kg ww.
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Table 7
Correlations between elements in the different tissues of grey seals (double underlined: p < 0.001; underlined: p < 0.01; not underlined: p < 0.05; Spearman’s rank correlation).
The  different captures were combined for analysis.
Blood Milk Blubber of mothers Blubber of weaned pups Hair Lanugo
Ca +V +Ni +Fe
Fe +Zn +Ca, +V, +Ni
Zn +Fe +Cu, +Ni, +Pb
Cu +Zn, +Ni,  +Pb −Cr
Se −Ni
V +Cr, +Ni, +Pb +Cr, +Ni, +Pb +Ca −Pb +Fe, +Ni
Cr +V, +Ni, +Pb +V, +Ni, +Pb +Ni −Cu, +Ni
Ni +V, +Cr, +Pb +Zn, +Cu, +V, +Cr, +Pb +Cr +Ca, −Se, +Cr, +Cd +Fe, +V
Cd +Ni, +Pb
Pb  +V, +Cr, +Ni +Zn, +Cu, +V, +Ni, +Cr −V, +Cd
element, Se can become toxic above a certain threshold. Although
marine mammals appear to be less sensitive to dietary organic Se
exposure, little information exists about Se toxicity in these animals
(Janz et al., 2010). Such levels in pigs have shown reduced repro-
ductive performances (Kim and Mahan, 2001). Overall, blood levels
of other trace elements (V, Pb, Cr, Ni, and Cd) in grey seals were in
the same range as concentrations reported in phocids (Baraj et al.,
2001; Griesel et al., 2008; Kakuschke et al., 2006). Nevertheless,
there were some differences in Pb and Cr levels in comparison with
other seals from the North Sea. Grey seals from this study showed
10 fold higher Pb levels and 5–8 fold lower Cr levels than those seen
from other phocids from the North Sea (in harbour seals, Griesel
et al., 2008; in a grey seal, Kakuschke et al., 2006). Mercury in blood
of adult females showed the greatest concentrations of the non-
essential metals in this study. However, these Hg concentrations
were less than those encountered for phocids elsewhere (Brookens
et al., 2007; Das et al., 2008; Habran et al., 2011). Blood Hg levels
in free-ranging harbour seals from the North Sea (Das et al., 2008)
were twice as high as those in the present study, reflecting the lower
Hg exposure of grey seals from the Isle of May. As expected, poten-
tially toxic elements (e.g., V, Pb, and Hg) showed wide variations in
concentrations for all animals studied (Table 4).
4.1.2. Hair levels
Hair contained a greater proportion of non-essential metals in
comparison with blood (Fig. A1). Therefore, annual moults repre-
sent a significant elimination of these non-essential metals for both
sexes. Calcium was the major element present in maternal hair,
followed by Zn and Fe, then Hg with 7.7 mg/kg dw. Although an
important burden of Hg seems to be eliminated in hair, this annual
loss would represent approximately 17% of typical total body bur-
dens of Hg (Agusa et al., 2011). Levels of Hg were in the same
range as values observed in hair of phocids elsewhere (Brookens
et al., 2007; Gray et al., 2008; Medvedev et al., 1997), but much less
than harbour seals from Germany (7.7 mg/kg dw in grey seals vs.
33.5 mg/kg dw in harbour seals, Wenzel et al., 1993). In contrast,
Pb levels in maternal hair were greater (2.2 mg/kg dw)  than levels
reported in most phocids (0–1.6 mg/kg dw,  Andrade et al., 2007;
Medvedev et al., 1997; Wenzel et al., 1993; Yamamoto et al., 1987).
Maternal hair also contained high level of V (2.4 mg/kg) in compar-
ison with blood, milk, or blubber values. In fact, hair appears to be
the primary site of accumulation of V in phocids: 45% of the total
V body burden is accumulated in hair (Agusa et al., 2011). Other
trace element (Zn, Cu, Se, Cr, Cd, and Pb) contents in phocid hair
represent between 10% and 18% of the total body burdens (Agusa
et al., 2011).
4.1.3. Blubber levels
All elements, except Cd and Se, were found in maternal blub-
ber. A small amount of blood was sometimes present in blubber
biopsies due to associated vascularization. Therefore some ele-
ments from blood, especially Fe, may  have impacted levels in
blubber. This could explain the great variability in Fe levels in blub-
ber. Substantial amounts of Ni, Cr, and Pb were found in blubber
(Fig. A1). In general, Ni, Cr, Pb, and V seem to be more distributed
in lipophilic tissue, like blubber or milk, than the other trace ele-
ments. Agusa et al. (2011) showed that 11.5%, 26%, and 45% of total
burdens of V, Cr, and Pb, respectively, were found in the blubber,
while only between 0.5% and 3.5% of the total burdens of Zn, Cu, Se,
Cd, and Hg were distributed in that tissue.
4.2. Maternal transfer of trace elements during gestation and
lactation
4.2.1. Placental transfer
Lanugo appears as a good indicator of the placental transfer of
elements to offspring since it reflects the incorporation of elements
during the foetal period. It grows during development of the foetus
and it is shed around weaning. Results of this study showed that
all assayed elements, including Ni and Cd, were accumulated in
grey seals and were transferred to offspring through the placenta.
Lanugo seems to be an important site of accumulation for trace ele-
ments. A part of the non-essential metals can be already eliminated
from early stages of development, as shown for Hg with 4.6 mg/kg
dw in the grey seal lanugo.
Levels in lanugo were very much greater than in pup blood.
Therefore, lanugo appears more useful than blood to detect the
placental transfer of minor trace elements, such as Ni and Cd.
Moreover, pup blood in early lactation was  collected at 2–4 days
postpartum since it was not possible to collect it immediately
after birth for animal care reasons and logistical reasons. This
means that pup blood levels measured in early lactation reflect
both the placental transfer and the intake from the milk during
the first days of lactation. Nevertheless, pup blood provides impor-
tant indications about the levels of elements circulating in the
body, which can affect pup organs and systems in early stages of
development.
Calcium, Zn, Fe, and Cu values in pup blood were close to mater-
nal values in early lactation (Fig. 2). For these metals, it is believed
that the newborn’s needs are met  mainly by reserves accumu-
lated during foetal development, especially during the last part
of pregnancy (Dorea, 2000). In contrast, a fairly limited transfer
of Se through the placenta was observed in grey seals, with pup
levels reaching 38% of the maternal blood value. Despite their
very low blood levels, Pb, Cr, and V appear efficiently transferred
from mother to offspring with, respectively, 100%, 144%, and 177%
of the maternal metal value at birth (at 2–4 days postpartum).
Transfer of Hg was  lower but nevertheless consistent since pups
already showed more than 50% of the maternal blood value in early
lactation.
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Fig. 4. Relationships between V, Cr, Ni, and Pb in milk of grey seals. Concentra-
tions are expressed in !g/kg ww (for all correlations p < 0.001, Spearman’s rank
correlation coefficient).
4.2.2. Lactational transfer
Overall, the mineral content in grey seal milk appears quite high
in comparison with the one in terrestrial mammal milk. The high
protein content in pinniped milk, being among the highest of any
mammal  (approximately 10%, Davis et al., 1995) may  contribute
to the high mineral content in milk since many metals are usually
bound to proteins.
Calcium level in milk was similar to that in other pinniped
milk (around 700 mg/kg ww, Oftedal et al., 1987), higher than in
human milk (252 mg/l, Dorea, 1999) and lower than in cow milk
(1100 mg/l, USDA, 2007). Calcium is a major element for min-
eralization of bone matrix in offspring and is mostly present in
milk complexed with proteins, caseins, in micelles. Surprisingly,
pinnipeds have much less calcium in milk than would be predicted
based on their high casein content (Jenness, 1979).
Adequate Fe intake is essential for optimal growth,
haematopoiesis and cognitive development in offspring (Kelleher
and Lönnerdal, 2005). Grey seals showed similar Fe levels in blood,
but very much greater Fe levels in milk (∼20 mg/kg ww) than other
terrestrial mammals (<1 mg/l in humans and ruminants, Anderson,
1992; 4–10 mg/l in rats and dogs, Lönnerdal et al., 1981). As very
little information exists about trace elements in milk of marine
mammals, levels have been compared with those in terrestrial
mammals where any data was  available. Three proteins in milk
have been reported to bind Fe in terrestrial species: lactoferrin,
transferrin, and casein (Lönnerdal et al., 1981). Grey seal milk
is devoid of lactoferrin (Conesa et al., 2008). Casein might be
used as iron-binding protein in milk as do some species (i.e., rats
and cows), which have no or only low levels of lactoferrin and
transferrin in milk (Hegenauer et al., 1979; Loh and Kaldor, 1973).
The very large amounts of casein micelles of the pinniped milk
(Oftedal, 1993) might contribute to the high level of Fe detected
in grey seal milk. Caseins could also bind partially Zn and Cu
(Lönnerdal et al., 1981). Although Fe levels in maternal blood and
milk of grey seals declined throughout the course of lactation, they
were not correlated between them. As reported in other mammals
(Lönnerdal et al., 1981), Fe transport via mammary gland is a
tightly regulated process thus ensuring appropriate Fe transfer to
the neonate (Kelleher and Lönnerdal, 2005)
Levels of Cu and Zn in grey seal milk were in the same range as
values found in terrestrial mammals (Anderson, 1992; Lönnerdal
et al., 1981). Copper plays an essential role as a cofactor for enzymes
that generate cellular energy, cross-link connective tissue and
mobilize cellular iron (Linder et al., 1998). Zinc is a nutrient required
for many proteins involved in DNA synthesis, protein synthesis,
mitosis and cell division. Adequate Zn supply is particularly impor-
tant during the periods of rapid neonatal growth and development
(Kelleher and Lönnerdal, 2005). Copper and Zn levels increased in
pup blood throughout the course of lactation, likely linked to the
substantial Cu and Zn uptake from the milk. Like Ca and Fe, mecha-
nisms governing the transfer of Cu and Zn from blood to milk are not
fully understood, but they do not seem to depend on maternal metal
reserves (Dorea, 2000). Little relationship between blood levels and
milk levels of these elements was  observed in grey seal mothers.
The high fat content of pinniped milk might also contribute to high
levels of Fe, Zn, and Cu detected in grey seal milk. Indeed, it appears
that significant portions of Fe, Zn, and Cu in human and cow milk
are localized in the milk fat fraction (Lönnerdal et al., 1981). How-
ever, no relationship with the milk lipid content was  observed for
these elements in the present study.
Selenium is one of the most important antioxidants in milk. It is
essential for health, playing a role in the immune and antioxidant
systems and in DNA synthesis and DNA repair (Haug et al., 2007).
Milk in grey seals contained a lot of Se, especially in early lactation
(around 900 !g/kg). This value was similar to the level detected
in northern elephant seal milk (Habran et al., 2011), and it was
much greater than values found in human (13–33 !g/l, Dumont
et al., 2006) or cow (11–37 !g/l, Haug et al., 2007). As reported in
northern elephant seals (Habran et al., 2011), the high Se uptake
from milk increased pup level during suckling, despite decreasing
milk level over lactation. It seems that the neonate’s needs in Se
are met  mainly by reserves accumulated during suckling in phocids.
Unlike previous elements (Ca, Fe, Cu, and Zn), Se level in milk seems
to depend on its maternal reserves since it was positively correlated
with maternal blood concentrations.
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Grey seal milk contained Hg, Pb, V, Ni, and Cr, and the concentra-
tions were greater than in blood, except for Hg. Interestingly, Pb, V,
Ni, and Cr showed a significant positive relationship with each other
(Fig. 4), suggesting a similar mobilization of these metals through
the milk. In contrast with the placental transfer detected in lanugo,
it appears that Cd was not transferred through the mammary gland
into the milk. Like in blood, Pb, V, Ni, and Cr in milk appear less
tightly regulated through the mammary gland than Ca, Cu, and Zn,
as evidence by their coefficients of variation (Table 4).
4.3. Variations in tissues throughout lactation and post-weaning
fast
Results showed that the period associated to milk production,
fasting, or suckling could affect element levels in tissues of grey
seal mothers and pups. Blood and milk concentrations increased
or decreased over the course of lactation, depending on the ele-
ment investigated (Table 5). Interestingly, the same dynamics of
Hg and Se during lactation, including similar transfer ratios at birth
and similar variations in concentrations, was found in blood and
milk of northern elephant seals (Habran et al., 2011). Each ele-
ment seems to have its own dynamics during this period, and it
is not possible to highlight a general pattern for the mobilization
of elements. Nevertheless, these results show that concentrations
in tissues can vary rapidly during intense physiological changes.
Therefore, these processes could lead to a biased assessment of
trace element contamination in marine mammals when different
populations or different species are compared. Moreover, impor-
tant variations in trace element concentrations in the bloodstream
could cause damages in diverse organs or systems, especially during
growing of offspring.
During lactation, adult females fast and depend entirely on their
body fat, mainly from the blubber, to maintain their metabolism
and to produce milk. Concentrations of all elements in the maternal
blubber increased throughout lactation with the reduction of blub-
ber thickness (Table 5), suggesting a less efficient mobilization of
elements from blubber than triglycerides, the dominant lipid type
(Henderson et al., 1994). However, elements potentially associated
to lipid reserves seem to be not mobilized all in the same way.
At the beginning of lactation, elements were distributed homoge-
neously across the full depth of the blubber layer (no difference
between inner and outer layers). During lactation, concentrations
of Ca, Fe, Zn, and Cu increased more in the inner blubber and became
significantly greater in inner than in outer blubber in late lacta-
tion (Table 6). In contrast, concentrations of V, Cr, Ni, and Pb also
increased during lactation but remained similar between inner and
outer blubber. Fatty acids are mainly mobilized from the inner blub-
ber layer during this period, while the outer part remains more
stable (Strandberg et al., 2008). Indeed, for the grey seals of the
present study, inner blubber lost 18% of its lipid content, while outer
blubber lost 9% during lactation (analyses in Vanden Berghe et al.,
2012). It seems that V, Cr, Ni, and Pb would be less retained into the
inner blubber than Ca, Fe, Zn, and Cu. Moreover, significant rela-
tionships between V, Cr, Ni, and Pb levels were observed both in
blubber and milk suggesting that these 4 elements were mobilized
through similar dynamics from the blubber to the milk.
Surprisingly, no change in blubber levels was observed in pups
during their post-weaning development, whereas they also fast
depending on their reserves accumulated during lactation. Differ-
ence in the fat utilization between mothers and pups might affect
trace element mobilization in blubber, given approximately 25% of
body fat content is used during post-weaning fast in grey seal pups
(Bennett et al., 2007), while approximately 60% during lactation in
grey seal females (Mellish et al., 1999). Interestingly, weaned pups
showed very high levels of Cr and Ni in their blubber–higher than in
maternal blubber–whereas their blood levels were low and Cr and
Ni milk intake was  quite weak. The source of these metals (placental
or lactational transfer) remains unclear, since pups are born with
a very thin blubber layer, and Cr and Ni uptake from milk appears
quite low. In any case, an important part of the Cr and Ni content
in grey seals seems to be accumulated during their early stages of
development.
5. Conclusions
Lanugo analyses in grey seals allowed to highlight the existence
of a placental transfer to offspring of all elements investigated in
this study. Moreover, results in lanugo showed that a part of the
non-essential metals could be already eliminated from the foetal
development. A maternal transfer through the milk has also been
observed for all elements, except for Cd. Some metals, such as Hg,
were transferred to offspring mainly through the placenta during
gestation and to a lesser extent during lactation, and inversely for
other elements like Se. The placental and mammary barriers against
non-essential metal transfer to offspring seemed to be absent or
weak in grey seals. There was  however an exception for Cd which
was not present into the milk. In addition to the placental transfer,
the important daily ingestion of contaminated milk could lead to
adverse effects on health of pups from the early stages of develop-
ment.
Furthermore, this study also showed that element concentra-
tions in tissues (i.e., blood and blubber) could change rapidly over
the lactation period. Such physiological processes and their effects
must be taken into consideration when interpreting trace element
concentrations in the framework of biomonitoring. Moreover, fur-
ther toxicological studies need to understand the impact that these
important fluctuations in concentrations may exert on health of
both adults and offspring. To the best of our knowledge, this study
represents the first assessment of the levels of trace element con-
tamination in this grey seal population of the North Sea. This
population seems lower exposed to Hg, but higher exposed to Pb
than other phocid populations, notably from the North Sea.
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